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Growth chamber and field experiments were conducted to assess the potential of
Pseudomonas syringae pv. tagetis (Pst) as a biocontrol agent for Canada thistle. Silwet
L-77, an organosilicone surfactant, was required to facilitate Pst penetration into
Canada thistle leaves. Growth chamber experiments indicated that maximum Pst
populations inside leaves were obtained with a Silwet L-77 concentration of 0.3%
(v/v) or greater. High Pst populations (10° colony-forming units [cfu] per gram fresh
weight) were found in leaves 48 h after treatment with 108 or 10% cfu ml~! Pst plus
Silwet L-77 (0.3%, v/v). In growth chamber experiments, foliar application of Pst
(10° cfu ml1) plus Silwet L-77 (0.3%, v/v) on 4- to 5-wk-old Canada thistle
reduced shoot dry weight by 52% (measured 14 d after treatment) and chlorophyll
content of emerging leaves by 92% (measured 10 d after treatment). In field trials
conducted in 1999 and 2000, Pst (10° cfu ml~!) plus Silwet L-77 (0.3%, v/v) were
applied at 700 L ha™!, and the method of application (paint gun, backpack sprayer,
boom) and the number of applications (one or two separated by 14 d) were ex-
amined. Averaged over 2 yr, two applications with a backpack sprayer resulted in
67% disease incidence (apical chlorosis) of treated plants measured 4 wk after the
initial treatment (WAIT). At the time of lower bud formation (8 WAIT), there was
little or no disease incidence, 31% reduction in plant height, 81% reduction in
number of flower buds, and 20% reduction in shoot survival during 1999 but no
effect on survival in 2000.

Nomenclature: Canada thistle, Cirsium arvense (L.) Scop. CIRAR; soybean, Gly-
cine max L. ‘Lambert’, ‘Kato’.

Key words:  Bacterial population dynamics, bioherbicide, biological control, or-

ganosilicone surfactant, tagetitoxin.

Pseudomonas syringae pv. tagetis (Pst) causes leaf spot and
apical chlorosis in various Asteraceae, including the weeds
Canada thistle and common ragweed (Ambrosia artemisi-
tfolia L.) (Gulya et al. 1982; Johnson and Wyse 1991, 1992;
Johnson et al. 1996; Rhodehamel and Durbin 1985; Styer
and Durbin 1982). Apical chlorosis elicited by Pst is due to
the production of tagetitoxin, a non-host-specific toxin
(Durbin 1990; Lukens and Durbin 1985). Tagetitoxin is
translocated to emerging leaves, where it inhibits plastidic
RNA polymerase III, which in turn prevents chloroplast
biogenesis (Mathews and Durbin 1990, 1994; Steinberg et
al. 1990).

Canada thistle is a serious weed control problem in or-
ganic soybean production in Minnesota (Carmen Fernholz,
personal communication). Previous research indicated that
Pst might have potential as a biological agent for controlling
Canada thistle in soybean. Multiple (three to five) inunda-
tive foliar applications of Pst (108 to 10 colony-forming
units [cfu] ml™!) plus the organosilicone surfactant Silwet
L-77 (0.05 to 0.2%, v/v) elicited disease incidence (apical
chlorosis) and reduced Canada thistle survival, height, and
seed production (Hoeft et al. 2001; Johnson and Wyse
1991, 1992; Johnson et al. 1996). Single inundative foliar
applications of Pst appear to be less effective. In a green-
house study a single application of Pst (5 X 108 cfu ml!)
plus Silwet L-77 (0.3%, v/v) on 2-wk-old Canada thistle
resulted in disease incidence (chlorosis) but had no effect on
shoot dry weight measured 5 wk after the treatment (Bailey
et al. 2000).

Inundative foliar application of Pst plus Silwet L-77 also
causes disease symptoms in certain non-host species, such
as woollyleaf bursage [Ambrosia grayi (A.Nels.) Shinners,
AMBGR] (Sheikh et al. 2001), common cocklebur (Xan-
thium strumarium L., XANST) (Abbas et al. 1995), and
houndstongue (Cynoglossum officinale L., CYWOF) (Zidack
et al. 2000). Multiple (four) applications of Pst plus Silwet
L-77 (0.25%, v/v) to woollyleaf bursage resulted in high
disease incidence and a reduction in stem density. For com-
mon cocklebur, foliar application of Pst (5 X 108 cfu ml-1)
reduced shoot biomass by approximately 60%. Field studies
conducted in 1997 indicated that Pst applied with Silwet
L-77 caused a significant reduction in the survival of
houndstongue plants.

Research involving both growth chamber and field ex-
periments was conducted to evaluate the potential of Pst as
a biocontrol agent for Canada thistle in soybean. Growth
chamber experiments were conducted to (1) determine the
concentration of Silwet L-77 required for the maximum
penetration of Pst into Canada thistle leaves, (2) characterize
the dynamics of Pst populations in treated leaves of Canada
thistle and soybean after application, (3) evaluate disease
incidence (apical chlorosis) in emerging leaves of Canada
thistle as a function of Pst concentration applied, and (4)
quantify the effects of inundative foliar application on Can-
ada thistle and soybean shoot biomass. Field trials were con-
ducted to examine the ability of foliar application of Pst
(10% cfu ml™1, 0.3% [v/v] Silwet L-77) to control Canada
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thistle growing within the row of soybean. Different meth-
ods of foliar application (backpack sprayer, paint gun,
boom) and number of Pst applications (one or two) were
investigated. The number of applications was limited to two
because it was felt that this would be the upper limit of
what would be acceptable to most farmers. Efficacy of Pst
applications was evaluated in terms of disease incidence (api-
cal chlorosis) and effect on Canada thistle shoot height,
number of flower buds, and survival.

Materials and Methods
Growth Chamber Experiments
Plant Material

Canada thistle seeds! were planted 0.5 cm deep in trays
(16 X 24 cm) containing Sunshine Mix #1.? After approx-
imately 2 wk, Canada thistle plants were transferred to pots
(8.5 by 8.5 or 13 by 13 cm). Soybean ‘Lambert’ seeds were
planted 1.5 cm deep in pots (8.5 by 8.5 cm) containing
Sunshine Mix #1. Canada thistle and soybean were grown
in a growth chamber with day and night temperatures of
25 and 20 C, respectively, and a 16-h photoperiod (pho-
tosynthetic photon flux [PPF], 500 wmol m=2 s~1). Pst was
applied to soybean 8 to 10 d after planting, when plants
were approximately 10 cm tall, and unifoliates were fully
emerged and trifoliates were just emerging. Pst was applied
to Canada thistle in the eighth- to ninth-leaf stage (approx-
imately 10 cm tall), which was 2 to 3 wk after emergence
or 4 to 5 wk after planting. Plants were watered daily with
0.1X Hoagland’s solution (Hoagland and Arnon 1950).

Pst Culture

Pst, strain 1-502a, originally isolated from infected Can-
ada thistle was maintained at 4 C by monthly subculturing
on agar plates containing a modified (glycerol substituted
for sucrose) 523 medium (Kado and Heskett 1970). A 125-
ml volume of modified 523 medium was inoculated from
the culture plate and grown for 24 h at 23 C on a rotary
shaker (300 rpm min~!). The final Pst concentration in the
culture was approximately 5 X 10° cfu ml~!. Inoculum den-
sity was adjusted based on turbimetric measurements (600
nm) to obtain a bacterial population of 107 cfu ml-!. In
some experiments the Pst culture was pelleted by centrifu-
gation (4,000 X g 15 min at 4 C) in a sterile centrifuge
bottle (250 ml) and resuspended in 100 ml of sterile, dis-
tilled water. Serial dilutions of the cells were made in sterile
water to obtain suspensions containing 108 to 10° cfu ml~1.
Silwet L-773 was added to the Pst suspensions just before
application to obtain final concentrations of 0.15, 0.30,
0.45, or 0.70% (v/v). For all experiments, except those to
determine optimum surfactant concentration, Silwet L-77
was added to Pst spray suspensions at 0.3% (v/v).

Pt Application

Pst was applied to Canada thistle and soybean plants at
a pressure of 242 kPa in a ventilated fume hood using a
handheld paint sprayer. Potted plants were placed in a tray
(25 by 52 cm), and two passes of approximately 3 s each
were made with the sprayer positioned approximately 25 cm
above the tray at a 45° angle. The tray was turned 180°
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between passes. The estimated volume per unit area applied
using this application method was 1.7 X 103 L ha~!. After
spraying, the treated plants were immediately placed back
in the growth chamber.

Growth Response

Canada thistle and soybean plants, approximately 10 cm
tall and grown as described earlier, were sprayed with 10°
cfu ml~! Pst plus Silwet L-77 (0.3%, v/v). Shoots were har-
vested 2 wk after treatment, and dry weights were obtained
after drying plant material for 72 h at 95 C. The data rep-
resent the results of experiments repeated once with eight
replicates per treatment. Populations were normally distrib-
uted and exhibited homogeneous variance. Data were ana-
lyzed by analysis of variance (ANOVA). A Tukey test was
used for pairwise multiple comparisons (P = 0.05).

Pst Populations in Leaves

Canada thistle and soybean plants, approximately 10 cm
tall and grown as described earlier, were sprayed with Pst
(10° to 10° cfu ml-!) plus Silwet L-77 (0.3%, v/v). For
Canada thistle, two mature leaves (fifth or sixth leaf of plants
in the cighth- or ninth-leaf stage at the time of treatment)
were sampled from different plants at intervals (15 min to
240 h) after Pst application. For soybean, two unifoliates
from different plants were sampled at the same time interval.
Leaves were surface sterilized by sequentially rinsing with
vigorous agitation for 20 s each in the following five solu-
tions contained in petri dishes: 70% ethanol, sterile water,
70% ethanol, sterile water, and sterile water. This rinse tech-
nique was as effective as a 3 min rinse in 10% bleach (0.5%
sodium hypochlorite) for removing epiphytic bacteria (Hen-
is et al. 1982). Leaves were blotted dry, and eight leaf disks
were punched out with a sterile paper punch (0.5-cm di-
ameter) and weighed. Disks were taken from both sides of
the leaf approximately equidistant between the midvein and
the leaf edge. Leaf disks were ground in 1.5 ml sterile water
using a mortar and pestle. Serial dilutions of the extract were
made in sterile water, and 100 ! of each dilution was plated
in petri dishes containing modified 523 agar. Plates were
incubated at 23 C for 48 h, and individual Pst colonies were
counted. Pst population data represent the mean * standard
error of experiments repeated three or four times. Data, ex-
pressed as cfu g fresh wt!, were log;, transformed before
calculation of population statistics.

Chlorophyll Determination

Canada thistle plants, approximately 10 c¢cm tall and
grown as described earlier, were sprayed with Pst (10° to
10% cfu ml~1) plus Silwet L-77 (0.3%, v/v). The chlorophyll
content of the two youngest Canada thistle leaves that
emerged after Pst treatment was determined as an index of
disease development. Chlorophyll was measured 10 d after
treatment. Excised leaves were weighed and ground in liquid
nitrogen using a mortar and pestle. The pulverized leaf tis-
sue was added to 80% acetone (0.5 g leaf tissue 5 ml~1),
vortexed, and incubated for 30 min in the dark at room
temperature. The solution was vortexed and centrifuged
(3,000 X g, 10 min), and the absorbance of the supernatant
was measured at 663, 652, and 645 nm to determine chlo-



rophyll (Arnon 1949). Leaf chlorophyll data represent the
mean of experiments repeated six times with four or eight
replicates per experiment (7 = 40) and are expressed as mil-
ligrams of chlorophyll per gram fresh weight. Data were
analyzed by ANOVA. Dunn’s test was used for pairwise
multiple comparisons (P = 0.05).

Field Trials
Pst Culture

Pst, strain 1-502a, was maintained at 4 C by monthly
subculturing on agar plates, as described earlier. A loop of
Pst cells from the culture plate was used to inoculate 100
ml of tryptic soy broth (TSB) in a 250-ml Erlenmeyer flask,
and the culture was allowed to grow overnight on a rotary
shaker (23 C, 300 rpm). An aliquot of this culture (50 ml)
was used to inoculate 1 L of TSB medium in a 2.8-L Fern-
bach flask. This culture was allowed to grow overnight on
the rotary shaker. The next morning 50-ml aliquots were
transferred to ten Fernbach flasks containing 1 L of TSB
medium. These cultures were grown for 24 h on the rotary
shaker, reaching a stationary phase population of approxi-
mately 5 X 10% cfu ml~!. Appropriate dilutions were made
in sterile distilled water to yield a Pst concentration of 10°
cfu ml-!. Silwet L-77 (0.3%, v/v) was added to the Pst
suspensions just before application.

Treatments and Experimental Design

Experiments to evaluate the effects of inundative Pst ap-
plications on controlling Canada thistle growing within the
row of soybean were conducted on a farm in Madison, MN.
Based on the results of the growth chamber experiments
described earlier, field trials were conducted using foliar ap-
plications of 10 cfu ml~! Pst plus Silwet L-77 (0.3%, v/v).
Apical chlorosis of treated plants was used to evaluate disease
incidence. The field, a Webster clay loam (fine-loamy,
mixed, mesic type Haplaquoll), contained a dense natural
infestation of Canada thistle. Soybean ‘Kato’ seed were
planted at a density of 28 plants m~! in 76-cm rows that
were 9 m long. Soybean was grown using organic-farming
practices that comply with Minnesota organic certification
agency standards. Weeds were controlled between rows by
two mechanical cultivations. The experimental design was a
randomized complete block. Each plot consisted of four, 9-
m rows with a 1.5-m alley between plots. In each plot ten
Canada thistle plants within the soybean row were randomly
selected and marked with a plastic tag around the base of
the stem. Treatments were the method of application (paint
gun, backpack sprayer,”> and boom®) and the number of
applications (one or two with the second application 14 d
after the first). For the backpack sprayer treatment, Pst so-
lutions were applied at 276 kPa. For both the boom and
the paint gun treatments, Pst solutions were applied at 242
kPa. In 2000 another treatment, two applications of Silwet
L-77 (0.3%, v/v) with a backpack sprayer, was added to
assess the effects of the surfactant on Canada thistle height,
survival, and flower bud formation. For all application
methods, Silwet L-77 (0.3%, v/v) alone or with Pst (10°
cfu ml~!) was applied at 700 L ha~!. Each treatment was
replicated four times. For all treatments, the first Pst appli-
cation was made when Canada thistle plants were approxi-
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Ficure 1. Pseudomonas syringae pv. tagetis (Pst) populations in Canada this-
tle leaves sprayed with 10 cfu ml-! Pst plus variable concentrations of
Silwet L-77 (0.15 to 0.7% v/v). Pst populations were measured 15 min
after application. Values represent means * SE of four experiments (n =
4) conducted in a growth chamber. The exponential equation describing
the data was significant at P < 0.001.

mately 7 cm tall. For half of the treatments, a second ap-
plication was made 2 wk after the first.

In 1999 and 2000 soybeans were planted on June 2 and
May 25, respectively. In 1999 the first Pst application was
made on June 25, and the second, where required, was made
on July 9. For both dates, air temperature at the time of
application was approximately 30 C. In 2000 the first Pst
application was made on June 29 and the second, where
required, was made on July 13. Air temperatures at the time
of the first and second Pst applications were approximately
24 and 29 C, respectively. For the marked plants in each
plot, disease incidence (measured as % plants exhibiting
chlorosis) was recorded twice—4 and 8 wk after initial treat-
ment (WAIT). Plant height, number of flower buds per
plant, and plant survival measurements were taken of the
marked plants at the time of flower bud formation, which
was 8 WAIT.

Statistical Analysis

All data obtained in field trials were normally distributed
and exhibited homogeneous variance. Data were analyzed
by ANOVA, and a Tukey test (P = 0.05) was used for

pairwise multiple comparisons.

Results and Discussion
Growth Chamber Experiments

Maximum Pst populations of approximately 107 cfu g
fresh wt™!, measured 15 min after application, were ob-
tained when Pst was applied with a Silwet L-77 concentra-
tion of 0.3% (v/v) or greater (Figure 1). Without the ad-
dition of Silwet L-77 to the application medium, very low
levels of Pst (approximately 10 cfu g fresh wt™!) were found
in leaves. Previous studies demonstrated the necessity of
adding Silwet L-77, an organosilicone surfactant, to the ap-
plication suspension to facilitate the entry of bacteria into
leaves (Zidack and Backman 1996; Zidack et al. 1992). Sil-

wet L-77 facilitates the movement of bacteria into stomata
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FiGure 2. Pseudomonas syringae pv. tagetis (Pst) populations in Canada this-
tle leaves 1 to 240 h after spraying with Silwet L-77 (0.3%, v/v) plus 10¢
to 10° cfu ml~! Pst. Values represent means * SE of four experiments (7
= 4) conducted in a growth chamber.

and hydathodes because of its low surface tension (20 dynes
cm™!) (Field and Bishop 1988; Neumann and Prinz 1974;
Stevens et al. 1991). Our results are consistent with the
previous report that a Silwet L-77 concentration of 0.2%
(v/v) or greater was required for maximum penetration of
Pseudomonas syringae pv. phaseolicola into bean (Phaseolus
vulgaris L.) leaves (Zidack et al. 1992).

The dynamics of Pst populations inside Canada thistle
leaves were evaluated at intervals between 1 to 240 h after
application (Figure 2). Initial populations inside leaves mea-
sured 1 h after treatment were linearly related (» = 0.99) to
the Pst concentration applied (10° to 10? cfu ml-!). During
the initial 24 h after application, rapid exponential growth
occurred in intercellular spaces where nutrients and moisture
are available. Within 24 to 48 h after treatment, Pst pop-
ulations in leaves reached maximum levels. High Pst pop-
ulations (10 cfu g fresh wt™!) were found in leaves 48 h
after treatment with 108 or 10? cfu ml~! Pst. For all treat-
ments, Pst populations inside leaves 10 d after treatment
were greater than populations measured 1 h after treatment.
The population dynamics of Pst in soybean leaves were sim-
ilar to those in Canada thistle when Pst was applied at 108
or 10? cfu ml~! (Figure 3). Pst populations in soybean leaves
48 h and 10 d after treatment with 10° cfu ml~! Pst were
approximately 10% and 108 cfu g fresh wt™!, respectively.
The most noticeable difference in the population dynamics
of Pst in Canada thistle and soybean was the significantly
lower population found in soybean leaves treated with 10°
or 107 cfu ml~! Pst. Most likely, this is the result of the
hypersensitive response that occurred in soybean, a non-host
species.

The effect of Pst concentration (10° to 102 cfu ml-!) on
disease incidence in Canada thistle was determined by mea-
suring the chlorophyll content of leaves that emerged after
Pst treatment (Figure 4). Silwet L-77 (0.3%, v/v) alone had
no effect on the chlorophyll content of emerging leaves. Pst
concentrations of 10° cfu ml~! reduced the chlorophyll con-
tent of emerging leaves by 44%. When Pst was applied at
108 or 107 cfu ml~!, chlorophyll content of newly emerged
leaves was reduced by approximately 90%. Foliar application
of Pst (102 cfu ml1) plus Silwet L-77 (0.3%, v/v) did not
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Ficure 3. Pseudomonas syringae pv. tagetis (Pst) populations in soybean
leaves 1 to 240 h after spraying with Silwet L-77 (0.3%, v/v) plus 10° to
10% cfu ml~! Pst. Values represent means * SE of three experiments (z =
3) conducted in a growth chamber.

elicit disease symptoms (apical chlorosis) in soybean, a non-
host species.

The effects of foliar application of 10? cfu ml~! Pst plus
Silwet L-77 (0.3 %, v/v) on shoot growth of Canada thistle
and soybean were examined (Table 1). Silwet L-77 (0.3%,
v/v) applied alone caused small water-soaked spots on leaves
of both species that became necrotic after 24 h. However,
this injury was relatively minor and did not have a signifi-
cant effect on shoot dry weight. For soybean, in addition to
Silwet-induced lesions, there were also small necrotic lesions
on treated leaves because of the hypersensitive response elic-
ited by Pst in this non-host species. However, inundative
foliar application of Pst (10° cfu ml~!) plus Silwet L-77 did
not have a significant effect on soybean shoot dry weight
measured 2 wk after treatment. Treatment with 102 cfu ml-!
Pst plus Silwet L-77 (0.3%, v/v) reduced shoot dry weight
of Canada thistle by 52%, when compared with the control.
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Ficure 4. Chlorophyll content of emerging leaves of Canada thistle mea-
sured 10 d after plants were sprayed with Silwet L-77 (0.3%, v/v) or Silwet
L-77 (0.3%, v/v) plus Pst (10° to 102 cfu ml~!). Values represent means
+ SE of seven experiments (7 = 40) conducted in a growth chamber. Bars
with different letters are significantly different (P < 0.05), according to
Dunn’s test.



Taste 1. Effect of inundative application of Silwet L-77 (0.3%, v/v)
alone or with 10° cfu ml™! Peudomonas syringae pv. tagetis (Pst) on
shoot dry weight of Canada thistle [Cirsium arvense (L.) Scop.] and
soybean (Glycine max 1.) grown in a growth chamber.

Shoot dry weight?

Treatment Canada thistle  Soybean
g

Control (nontreated) 1.44 a 1.28 a

Silwet L-77 (0.3%) control 1.23a 1.32 a

Silwet L-77 (0.3%) plus 102 cfu ml~! Pst 0.59b 1.32a

P value < 0.001 0.866

2 Shoot dry weight measured 2 wk after application. A pairwise com-
parison of the means at a 95% confidence level was accomplished by anal-
ysis of variance. Different letters indicate a significant difference between
treatments within a species.

None of the Canada thistle plants treated with Pst (10° cfu
ml~1) plus Silwet L-77 (0.3%, v/v) died.

Field Trials

For both 1999 and 2000, disease incidence was greater
when measured 4 WAIT than at the time of flower bud
formation, which was 8 WAIT (Table 2). In 1999 the high-
est levels of disease incidence measured 4 WAIT were ob-
tained with two applications with a backpack sprayer or a
paint gun, where 71 and 51% of treated plants exhibited
chlorosis. In 2000 one or two applications with a backpack
sprayer resulted in maximum disease incidence 4 WAIT
with 50 and 63% of the treated plants exhibiting chlorosis,
respectively. For both 1999 and 2000, a second Pst appli-
cation resulted in no significant increase in disease incidence
measured 4 WAIT, with one exception. The exception oc-
curred in 1999 where a second Pst application with a back-
pack sprayer approximately doubled the number of plants
exhibiting chlorosis. When disease incidence was measured
at the time of flower bud formation (8 WAIT), few, if any,
plants exhibited chlorosis for any application method (Table
2). In most cases the chlorotic leaf tissue observed 4 WAIT
had re-greened, and new growth did not exhibit chlorosis.

For both years, the mean height of nontreated Canada
thistle at the time of flower bud formation was approxi-
mately 57 cm (Table 3). Two applications of Silwet L-77

(0.3%, v/v) with a backpack sprayer caused minor leaf in-
jury but did not have a significant effect on shoot height.
In general, inundative foliar application of Pst (10° cfu
ml~!) plus Silwet L-77 (0.3%, v/v) had relatively small ef-
fects or no effect on plant height. In 1999 three treatments
(one or two applications with a backpack sprayer, two ap-
plications with a paint gun) reduced plant height by ap-
proximately 30%. Other treatments did not cause a signif-
icant reduction in plant height. In 2000 none of the treat-
ments caused a significant reduction in plant height com-
pared with the nontreated control. For both years, a second
Pst application by any method did not result in a significant
reduction in plant height beyond that caused by a single
application.

For both 1999 and 2000, nontreated Canada thistle
plants exhibited an average of 13 flower buds per plant (Ta-
ble 4). Two applications of Silwet L-77 (0.3%, v/v) with a
backpack sprayer had no effect on the number of flower
buds. In 1999 the number of flower buds per plant was
reduced by one or two applications with the backpack spray-
er and two applications with a boom. In 2000 all treatments
except a single application with the boom caused a signifi-
cant reduction in the number of flower buds. Averaged over
both years, a single application with a backpack sprayer re-
duced the number of flower buds by approximately 80%.
For both 1999 and 2000, a second Pst application by any
method resulted in no additional reduction in the number
of flower buds.

For both 1999 and 2000, approximately 10% of the non-
treated Canada thistle plants did not survive until the time
of flower bud formation (Table 5). Applying Silwet L-77
(0.3%, v/v) without Pst had no effect on Canada thistle
shoot survival. With the exception of two applications with
a backpack sprayer in 1999, which reduced survival by an
additional 20% compared with the nontreated control, none
of the Pst treatments caused a significant reduction in sur-
vival.

One objective of this research was to evaluate whether
different application methods influenced the efficacy of Pst
as a biocontrol agent for Canada thistle. There was consid-
erable year-to-year variability in the efficacy of the applica-
tion methods examined. However, if a comparison is made
on the basis of the results averaged over both years, the
backpack sprayer appears to be the best application method.

Tasie 2. Effect of the method of Pseudomonas syringae pv. tagetis (Pst) (10° cfu ml~!) application and the number of applications on the
percentage of Canada thistle [ Cirsium arvense (L.) Scop.] plants exhibiting chlorosis in soybean (Glycine max L.).

% Plants exhibiting chlorosis

1999 2000
Number of

Treatment? applications® 4 WAIT¢ 8 WAITed 4 WAIT¢ 8 WAITed
Backpack sprayer 1 38 be 3a 50 ac 3a
Backpack sprayer 2 71a 7 a 63 a 9a

Paint gun 1 25 be Oa 21b Oa

Paint gun 2 51 ac Oa 26 be Oa
Boom 1 18b 3a 13b Oa
Boom 2 20 b Oa 14 b 0a

P value < 0.001 0.219 < 0.001 0.193

2 All treatments contained 10° cfu ml~! Pst plus Silwet L-77 (0.3%, v/v).

b Second application was made 2 wk after the first application.
¢ Abbreviation: WAIT, weeks after initial treatment.
d At the time of flower bud formation.
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TasLe 3. Effect of the method of Pseudomonas syringae pv. tagetis (Pst) (10° cfu ml~1) application and the number of applications on the
shoot height of Canada thistle [Cirsium arvense (L.) Scop.] in soybean (Glycine max L.).

Shoot heighte

Number of
Treatment? applications® 1999 2000
cm

Control (nontreated) — 56 a 58 ab
Backpack sprayer (0.3% Silwet alone) 2 ND¢d 6l a

Backpack sprayer 1 41 bed 47 ac
Backpack sprayer 2 36 be 43 be
Paint gun 1 45 ade 52 ac
Paint gun 2 43 bed 49 ac
Boom 1 52 ac 50 ac
Boom 2 50 ad 47 ac
P value <0.001 0.024

2 Except for the control (nontreated), all treatments contained Silwet L-77 (0.3%, v/v).

b Second application was made 2 wk after the first application.

¢ Shoot height was determined at the time of flower bud formation, which was 8 wk after initial treatment.

d Abbreviation: ND, not determined.

In general, backpack sprayer application resulted in high
levels of disease incidence (measured 4 WAIT) and caused
an 80% reduction in the number of flower buds. In addi-
tion, the backpack sprayer (two applications) was the only
application method to cause a significant reduction in shoot
survival (20%), but this was observed for only 1 yr (1999).
Another objective of this study was to evaluate whether
a second Pst application applied 2 wk after the first increased
Pst efficacy on Canada thistle. When evaluated over 2 yr,
the data do not show a consistent benefit of a second Pst
application for the parameters measured. In 1999 a second
backpack sprayer application increased disease incidence ex-
pressed 4 WAIT and decreased survival. In 2000 a second
application by any method did not result in a significant
increase in efficacy for any of the parameters measured.
The most significant and consistent effect of Pst appli-
cation was the reduction in the number of flower buds. A
single Pst application with a backpack sprayer reduced the
number of flower buds per plant by approximately 80%. A
similar reduction of Canada thistle seed heads per plant (ap-
proximately 75% measured 69 d after planting) was report-
ed by Hoeft et al. (2001) when using a backpack sprayer
and a more intensive Pst application regime (three applica-

tions of Pst [10° cfu ml~!] applied over 12 d). Although a
strategy that primarily reduces seed production would not
be acceptable for Canada thistle control in annual crops, it
may have an application for reducing seed production in
noncropland (conservation reserve program—CRP land,
roadsides, pastures, range). This would be particularly true
if a single inundative Pst application resulted in an infection
that carried over to subsequent years and hence continued
to reduce seed production. However, this has not been ex-
amined.

Inundative foliar application of Pst (10? cfu ml~!) plus
Silwet L-77 (0.3%, v/v) does not provide effective control
of Canada thistle shoot growth or survival. For the 2-yr
study, only three treatments caused a significant (approxi-
mately 30%) reduction in plant height. For both years, only
one treatment (two applications with a backpack sprayer)
applied in 1999 reduced Canada thistle survival, and this
was by only 20%. Clearly, the limited and inconsistent ef-
fects of inundative Pst application on Canada thistle shoot
growth and survival would not favor adoption of this bio-
control strategy.

The efficacy of inundative Pst application on Canada this-
tle survival reported by Hoeft et al. (2001) was greater than

Tasie 4. Effect of the method of Pseudomonas syringae pv. tagelis (Pst) (10° cfu ml~!) application and the number of applications on the
number of flower buds per Canada thistle [Cirsium arvense (L.) Scop.] plant in soybean (Glycine max L.).

Flower buds®

Number of
Treatment? applications® 1999 2000
number plant™!

Control (nontreated) — 13a 13a
Backpack sprayer (0.3% Silwet alone) 2 NDd 13a
Backpack sprayer 1 3 bd 3b
Backpack sprayer 2 2 be 3b
Paint gun 1 8 acd 6 be
Paint gun 2 7 ade 4 be
Boom 1 12 ac 9 ac
Boom 2 6 bee 4 be
P value < 0.001 < 0.001

2 Except for the control (nontreated), all treatments contained Silwet L-77 (0.3%, v/v).

b Second application was made 2 wk after the first application.

¢ Number of flower buds per plant was determined at 8 wk after initial treatment.

d Abbreviation: ND, not determined.
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TasLe 5. Effect of the method of Pseudomonas syringae pv. tagelis (Pst) application (102 cfu ml~!) and the number of applications on the
survival of Canada thistle [Cirsium arvense (L.) Scop.] in soybean (Glycine max L.).

% Survival®

Number of
Treatment® applications® 1999 2000
Control (nontreated) — 88 a 90 a
Backpack sprayer (0.3% Silwet only) 2 NDd 88 a
Backpack sprayer 1 80a 88a
Backpack sprayer 2 68 b 85a
Paint gun 1 85a 95a
Paint gun 2 80 a 90 a
Boom 1 85a 93 a
Boom 2 85a 93 a
P value < 0.001 0.645

2 Except for the control (nontreated), all treatments contained 0.3% (v/v) Silwet L-77.

b Second application was made 2 wk after the first application.

¢ Percentage survival of shoots was determined at the time of flower bud formation, which was 8 wk after initial treatment.

d Abbreviation: ND, not determined.

that observed in this study. Averaged over 2 yr, Canada this-
tle survival, compared with the control, was reduced by ap-
proximately 55% when measured 105 d after planting. This
may be because of the more intensive Pst application regime
(three applications of Pst [107 cfu ml~!] within a 12-d pe-
riod) used by Hoeft et al. (2001). However, it is also possible
that the greater effect of Pst was partly because of the stress
imposed by imazethapyr (0.07 kg ai ha~! plus 0.25% [v/v]
nonionic surfactant) applied to Canada thistle 9 d before
Pst applications were initiated. Because of this treatment,
Canada thistle plants were stunted and exhibited apical
chlorosis at the time Pst applications were initiated (Hoeft
1998). It is not clear to what extent the stress imposed by
the imazethapyr treatment may have made Canada thistle
more susceptible to the additional stress imposed by three
subsequent Pst applications.

The primary challenge to developing Pst as a biocontrol
agent for Canada thistle is the need to increase its effective-
ness in reducing plant growth and survival. One strategy to
increase efficacy is to make multiple (three or more) appli-
cations, particularly if initiated when plants are small (Hoeft
et al. 2001; Johnson and Wyse 1991, 1992). Five Pst (103
cfu ml~!) applications at weekly intervals, initiated shortly
after emergence, killed Canada thistle (Johnson and Wyse
1991). Although multiple applications may achieve better
control of Canada thistle shoot growth and may reduce sur-
vival, such a strategy is not likely to be widely adopted. An
alternative strategy for increasing Pst efficacy on Canada
thistle is to increase the amount of tagetitoxin produced in
planta by a single application. Disease incidence (apical
chlorosis) is caused by the ability of Pst to produce tageti-
toxin in planta, which blocks chloroplast biogenesis in de-
veloping leaves. It appears that a single Pst application pro-
duces a pulse of tagetitoxin which causes apical chlorosis.
But after time, presumably because tagetitoxin production
is not sustained, the chlorotic leaves re-green, and new
growth is not chlorotic. A similar pattern of apical chlorosis
followed by re-greening will occur if tagetitoxin is injected
into host species (Gronwald and Plaisance, unpublished
data; Styer 1982). To improve the efficacy of Pst treatment
in reducing Canada thistle growth and survival, tagetitoxin
production in planta must be enhanced. One approach
would involve collecting Pst strains from various host species
and identifying those that exhibit an enhanced capacity to

produce tagetitoxin in Canada thistle. An alternative ap-
proach would involve enhancing the toxin-producing capac-
ity of a particular Pst strain such as 1-502a used in this
study. Toxin production by various plant Pseudomonads is
regulated by environmental and nutritional factors (Bender
et al. 1999; Li et al. 1998). Little is known about factors
regulating tagetitoxin production by Pst. Research conduct-
ed with Pst in culture suggests that high nitrogen levels (50
mM nitrate or ammonium) promote tagetitoxin production
(Styer 1982). In addition, Durbin (1990) reported that spe-
cific amino-containing compounds, which were not identi-
fied, triggered tagetitoxin production in culture. Future re-
search needs to identify environmental and nutritional fac-
tors that regulate tagetitoxin production by Pst in Canada
thistle. Such knowledge may be useful for developing grow-
ing conditions in culture that would enhance the toxin-pro-
ducing capacity of Pst in planta. Alternatively, this knowl-
edge could be used to develop an application formulation
that would promote sustained production of tagetitoxin in
Canada thistle.

Sources of Materials

Names are necessary to report factually on available data; how-
ever, the USDA neither guarantees nor warrants the standard of
the product, and the use of the name by the USDA implies no
approval of the product to the exclusion of others that may also
be suitable.

I Seeds, V & J Seed Farms, 14020 Pleasant Valley Road, PO.
Box 82, Woodstock, IL 60098.

2 Potting medium, SunGro Horticulture, 15831 NE 8th Street,
Bellevue, WA 98008.

3 Organosilicone surfactant, Witco, 777 Old Saw Mill Road,
Tarrytown, NY 10591.

4 Sprayer, Deluxe air spray gun, Northern Tool and Equipment,
1255 Cope Avenue E., Minneapolis, MN 55109.

5 ALL-SPRAY, 3.8 L, Model 010TV, Vermont American Corp.,
Chicago, IL 606031.

¢ Two wheel bicycle applicator with a 10-ft boom and five #8004
Tee]Jet flat fan nozzles (Spraying Systems, Wheaton, IL) spaced at
20-inch intervals. Custom made by Facilities Management, Uni-
versity of Minnesota.
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